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TECHNICAL NOTE NO. 149

TEEORETICAL SUPERSONIC WAVE DRAG OF UNTAPERED SWEPTBACK

AND RECTANGULAR WINGS AT ZERO LIFT
By Sidney M. Harmon

SUMMARY

~. A thecoretical investigation of the supsrsonic wave drag at zero
11ft of a series of untapered sweptback wings having thin symmetricael
biconvex parabolic~erc sectlons has been presented in NACA TN No. 1319.
The investigation has been extended to include Mach numbers which
bring the Mach line behind the wing leading edgs end aleo to include
wings of rectengular plan form. The results are presented in a unified
form so that a single chart permits the direct determination of the
wave drag for this family of wings over an extensive range of sweep—
back angle, Mach nmmber, aspect ratio, and thicknass ratioc. The
results obtained Tor the total wave drag of the sweptback wings are
applicable to the same family of wings having a corresponding degree
of sweepforward

When the Mach line lies dbehind the wing leading edge, the wave—
drag coefficients of the sweptback and rectangular wings are shown to
resch maximum values at certain limiting aspect ratios and remain
constant for all aspect ratios greater than these limiting values.

The limiting aspect ratio is equai to ——2C0 A for the

cot AYMZ — 1 ~ 1

for the rectangular wing, where A
VB~ - -

is the angle of sweepback and M is the Mach number. The variation

of wing wave-drag coefficient with Mach number over the complete

range of supersonic Mach nuwber is shown to become less pronounced

with decreasing aspect ratio. It is also shown that sweepback obtainsed

by rotating the wing panels rearward cen give apprecigble reductions

in wing wave-drag coofficient at 21l supersonic speeds.

sweptbadk wing and to

INTRODUCTION

‘Recent developments in airfoil theory fof supersonic speeds
(references 1 to 3) indicate pronounced effects of sweepback and
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egpect ratio on the drag. In reference 3, a method based on thin—
airfoll theory for a frictionless fluid (reference 2) was applied to
calculate the supersonic wave drég st zero 1lift for a series of wings
having thin symmetrical biconvex parabolic-arc sections with untapered
plan Torme and various angles of sweepback and aspect ratios. The
results in reference 3, however, are limited to those cases in which
vhe Mach line liles ahead of the wing leading edge, or to a range of
Mach number from 1.0 to the value equal to the secant of tho angle

of sweepbuck. The term "Mach line” as used hereln yefers to the
Mach wave that originates at the loading edge of the center section,
unless specified otherwise. o -

The present paper extenda the calculations of reference 3 for
the same gerles of wings in order to present wave-drag results for
cagses in which the Mach line lies behind the wing leading edge. These
data are obbained for wingm of rectangular and swoptback plan forms
and cover an extensive rangs of Mach number beginning with the value
at which the Mach line coincides with the wing leading edge. . In order
to rresent a more’éomplete pilcture, the results of reference 3 thet
cover the laower range of Mach muber ars$ reproduced herein together
with additionel curves computed from formulas given in reference 3.
The resulte of the enkire investlgstion are presented in a unified
form similar to thetgiven in reference 3 so that the wave drag for
this family of wings may be determinsd directly from e single chart
over an extensive renge of sweepback ahgle, Mach number, aspect ratio,
and thicknese ratio. In the Tenth Annual Wright Bros. Memorial
Lecture given on December 17, 1946, Dr. von Kdrmdn indicated that at
zoro lift the total wave drag for a sweptforward wing is identical
with that obtained for the seame wing having a corresponding amount of
swpepback. The resnlts of the prosent investigation for the total
drag of sweptback wings, therefore, are applicable to the same family
of wings having a corresponding amount of sweepforward.. The distribu~
tions of. section drag, however, will differ in the two cases. Although
the calculations have been made for.the biconvex parabolic—arc profile,
the data may be applied to Indicate corresponding resulte for profiles
similar to the biconvex parabolic-ars profile. :

SYMBOLS . 7 o R

X, ¥, 2 coordinatés of mutually perpendicular systom of-axeé
c chord of airfoil section,measured in flight direction
t/e thickness ratio of section, measured in flight-direction

A angle of—aweep, degrées'
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' Y‘b ‘ coordinate measured along y-exis which is shift:ed to

: NACA TN No. 1L49 -3

t M o= ot A T R Semedier e D0 e nT oL Lmeat lE L, S
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wing semispan measured along y—axis, semichords except in
apperdix A.. . A S S N N o
K persmster indicating spenvigd position equal' té y/m, semichords
2 . -
* agpsct ratio '<¥§;) St Lt .ok P
s . . wing -area - T L . 3ﬁd'ﬁ o
1747 slenderness ratlio, ratio of wing semispan measured along
fer - w7 . .piidchord ‘station to maximum thickness of cemter section
v velocity in flight direct*on ‘ ) . Lo L
n xscomponent of disturbance velocity, positive in flight
.o o~ direction .o
u dlsturbancs velocity caused by scurce line with reversal in
S glgn of m i
I source Tactor required to maintain a given wedge angle
%% slope of airfoll surfacs -
P, real part of complex expression
. . 'Mach:ﬁumbar N o - :'-;t'“f‘f“ﬂ_ﬂw

Te coordinate measured along y-axis which is shilfted Lo tip _
- section, semichords . ) :

oppoaite - tip gection, semichords - | X .-

':h¢;m feection-wave—drag coefficient without tip effoct

ca section wave—drag coefflﬂient including tip effect
Aca "..increment 1n section'wave—drag coaffic;ent caused by wing tips .
. Acdi - increment In section wvave-drag coefficlent caused by‘wing tip

located on sams half of wing as.section
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AodII increment in section wave-~drag coefficient on one wing pansl
caused by tip of opposite wing panel

Cﬁ - wing waveudrag coefficient without tip effect
.Gy wing wave--drag coefficient including tip effect
ACn - increment in wave-drag coefficlent caused by tips, complete wing

ACDII Increment—in wave-drag coefflclient on one wing pansl caused
by tip of opposlite wing panel, complete wing

¢, ﬁ" .cQordinates which rqplace x end y, respectively, used to
indicate origin of source line

w! ¥ in trensformed coordinate sfétem of reférence 2

Primed values of A, y, Yas ¥ps» B, z, apd m indicate transformation
involving multiplioation by factor 8.

cE L az

Subscript notations for u and i indicnte the orlgjn off source line

in terms of coordinates x and y, respectlvely
ANALYSIS

Baslc data.—~ The apalysis 1s based on thin-airfoil theory for
amall pressure disturbances relative to the ambient pressures. The
axes used are the mutually perpendicular x, y, z system in which
the x-axis is taken in the direction of Fflight posmitive to the rear,

! the y~axls ia along the spen peositive to-the right, arnd the z-axls
is posative upwards. The symbole ussed to designate the wing-plai—
form parameters aro shown in figure 1. The analysis is made for
untapered sweptback and rectangular wings of blconvex parabollc—arc
profile at Zero lift. The wing 1s congldered to be cut off in a
direction parallel to the direction of flight. The Mach numbers
considered in this analysis correspond tc those fior which the Mach
line liee behind -the wing. leading edge, that is, for Mach numbers
greater than the secant of the angle of sweepback (m:> %

_ Theory.— The present analysis corresponds essentially to that
‘ ‘given in reference 3 where m < %q By following the analysis of

reference 3, the sectlion wave—drag coefficlent faor the symmetrical
biconvex parabolic—arc profils at the spanwlse sbation y is
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155 Lic .
cafy) =;;%-- l/‘m <§-—I+%)u ax ' - {1)

Jy/m
where u refers to either surface of the airfoil.

The evaluation of eguation (1) involves the determination of
the disturbance velocity u at each point cn the wing. An appropri-
ate system of semi-infinite source and sink linee which represent
the wings considered herein is given in appendix A. Appendix A also
gives the u-expressions for these source lines and their regions of
influence on the wing as determined by the Mach conses from their
extremities. These reglons of influence for the individual source
lines are illustrated in figure 2 and are given in table I as the
limite of the variables of integration for x alorg the chord end
for y along the span. -

Figure 2 ig glven in order Eq iliustrate_typicé; Mach lines for
Mach numbers in which the Mach wave fram the nose liss behind the wing

leading edge .Cm.> %). Tnasmuch as the wing cut—off is represented
by reversed semi¥infihité'éource—lihe distributions (appendix A), the
tip Mach cones in figure 2 for the various aspect ratios show -the
extent of the region of the tip.effect, For A> ——%.1-1-—- the tip’

offect on ths wing is influenced only by the adaacent tip It
A <:% both wing tips influence each wing panel.

Formulas for section vave—drag coefficients.— The formulas for
the section wave~drag coefficients for sweptback and rectangular
wings, which result fram the integreticn of the u~oxpressions in
equation (1), are presented in appendix B. These formulas glve
expressions for section wave-drag coefficient without the tip effect
Cd., and also the expressions for the Increments in section wave~drag

coefficlent caused by the wing tips Acy.

Wave—drag coefficients for complete wing.— The formulas foar the
wave-drag coeificients for untapered sweptback and rectangular wings
of biconvex parabolic—arc profile are given in appendix B. :

RESULTS AND DISCUSSION

Variation of section wave-drag coefficient along span.~ Figures 3
and 4 show the variation of section wave-drag coefficient  cg along
the span for the wings of 45° and Q° sweepback, respectively.
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The results are shown in figure 3(a) for the 45C sweptback wing
of infinite aspect ratio, that 1s without the tip effect, at several
Mach numbers. The lowest Mech number 1.kl represents a case in which
the Mach line is coincident—with the wing loading edge.  In thlse case,
as noted In reference 3, the wing has a very high drug and the section
wave-drag coeffiolent increases in the outboard direction and
approaches infinity at an infioite distance from the wing center.
As noted later in this section the assumptions of the linearized theory
nmay be violated at a Mach number of 1.4l except for very thin wings,

For the higher Mach number of 1.50, the ordinates are-redﬁced
in magnitude and the spanwise variation of Cd,,- is markedly flatter.

The seotion wave-drag coefficient without tip effect cq, ‘had'a.
minimum value at the center section, incromees in.the oubtboard lirectiocn,
and then approaches a constant finite.value, This constant value of

Cq, Yesults from the fact that if the effect of the wipg tips is .

neglected, the flow is two—dimensional'over.the parts of the wing
ahead of the Mach wave from the vertex.. The component parallsl to
the wing leading edge has no effect hikre; that 1e, this reglon is
Influenced only by the component of the veloéity normal to the wing
"loading edge (reference 4). The preseures, therefpre, are exactly
those that would be computed by the Ackeret theory of lineerized two-
dimensional:supersonic flow by use of the normal velocity ccuporient
(reforence 5), Outboard of the polnt where the Mach wave frcom the
vertex intersects the wing trailing edge, the flow_ig entirely two—

s dimensional. In this region, therefore,the section wave-drag coef—
ficlent based on all paremeters measured normal to the wing leading
edge has the constant Ackereft value for an infinite rectangular wing.
The value ie: . .

cg, = TN (n (See appendix B, equation (B4).)
n -

“whereé the subscript n ipdicates that, Cdys P ﬁhd-m£7c_'éfa“-"m'

measured normal to the wing leadlng edge. The section wave_drag
measured normal to ithe wing leading edge is obtained frcm this section
wave-drag coefficlent, and the componsent of this force in the flight
direction gives the true section drag, As a result there is obtained

lb( )gm

= C 0083.6." hamtr——————-— "1
%on 3¢m~52 -1
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When this value for ¢y ls compared with the Ackeret result for

(2]
an infinite rectangnlar wing having the sauwe thickness ratio in the
flight direction, og  in the region of two~dimensicnal flow is

found to increase becesuse of sweepback by the factor \#

. mefe - 1

The highest Mach number 2.24 répresSents a case in which the
wing is well outside the Mach cone. A% this Mach number, cg =

approaches the two—dimensiona.L velue at a comparatively small
distance outboard of the centsr sectlom,

In figure 3(b), the spenwvise distributions of cg are shown
for the 45° gweptback wing at a Maca nmuber of 1.8 for various
aspéct ratiod. The aspect ratios in this figure were selected so
that they represent each of the different types- of ®ip effects.
(See fig. 2.) -

A comparison of the Ca g —~digstributions illum:rated, in figure 3(a)

with those given in Figwre '3(-1) of reference 3 ehows an important

difference between the conditions where the Mech line liss ahead of
the wing leading edge (m < %) end whers the Msch line lies hehind
. the leading edge {n > %) If m< %‘»,‘
ficlent without tip effect o4, decreases to zero at some point

the section wave—drag coef—-

along the span, then hecomes mnegative, and £inally apprcaches zero

asymptotically at infinity; wheress if nm > %’ 8 dces not decrease

to zero with increasing values of y bubt approaches & constant
positive value. The contributions of the adjacent tip effect to tue
shape of the - og~distribution 0Cgp  are gimilar for both

m> %- end n< é‘ This may be mseen by teking the dlfference of

"the cg~curves for A == anl A =5 in vigure 3(b) and comparing the
resulting distribution with '-\Cd-f given in figure 2(b) of roference 3.

The increment in section wave-drag coefficlent on one wing peanel
ceusied by the tip Of the opposlie wirng panel Eucd_II, however, tends to
' . ¢ ' :

be shifted inboard when the Mach number is increased from the range

m <JB'- to m > % (Note Mach lines from opyosite tip in fig. 2(a)

of this paper and Acgyy - in fig. 2(b) of reference 1-)_ This com-

~

parison ifidicates » therefore s t-hat -in general 1or a given sweep-
back angle ehd comparstively high aspsct ratios ir§ which AchI is

zero (& > n—l’gg%-i or very smell, sn increase in the Mach nunber
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which brings the Mach line behind the leasding edge of the wing
appears to result—in s shift of the cenbter of pressure of the wave
drag in the outboard direction.

The resulte are shown in figure 4(a) for the rectanguler wing
of infinite aspect ratio at several Mach numbers. These results
correspond to the Ackeret theory, which shows a constant section
wave—drag coefficlent along the span.

The results are given in flgure U(b) for the rectangular wing
at a Mach number of 1.25 for several aspect ratios. The aspect
ratios in this figure, as in figure 3(b), were selected so as to
represent each of the different types of tip effects. (See fig. 2.)

Effect of tips on wing wave—drég coegfficient— The present
analysis for m > % indicated, as noted in reference 3 for m< %,
that the integrated value of Acgy over the wing le zero if the
aspect ratlo is equal to or greater than e =7 Inasmuch as
ACpy; 18 zero for A =4 mﬁem - (soo rig, 2(&)) the total increment

in wave-drag comtributed by the tip is zero if 4 -= —EEE—E

For the'rectangular wing, m =« and the total increment in
Cp caused by the tips 18 gzero if the aspect ratic A 2 %. (See
appendix B, equation (B1ll).) In the range A'%.%, therefore, the

wave-drag coefflcient for the rectangular wing is independent of
aspect ratio and is equal to the Ackeret result for & two-dimensional
wing, If the aspect ratio for the rectangular wing ie less than
l/ﬁ, the increment in Cp- caused by the tipe is found to be negative.

Generalized curves for wing wave—drag coefficient.— Flgures 5
to 8 present generallzed curves for determining the wing wave—drag
cogfficient over an extensive range of sweepback angle, Msch number,
agpect ratio, and thickness ratio.,” The results are given in figures 5
and 6 for the sweptback wings. As noted previously in the "INTRODUCTION "
the data in these figures are applicable to the same family of wings
having a corresponding emount of sweepforward. The results for the
rectangular wing are presented in figures T and 8.

The data in flgures 5 to 8 apply specifically to upntapered wings
at zero 1ift with biconvex parabolic—arc profiles and the wing tips
cut off 1n the direction of flight, The results, however, may
be applied to indlcate approximate results for profiles similar to
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the hiecdnvey¥ parabol. 1 6dFs profile Becauese of the pesumPtione of
the present linedrized thedry, the Fesults presented herein for Mach
nuzhers in the vicinity of seq,..A, qr.at -very: High' Mach. nonmbers,

are in. general questionable ) except for emall or vaniehingly emall
thic}mees ratios, inasmuch as 't‘he calculated. pressure disturbances
over the w‘ng ab such Mach numbere tend to be. large .relativeé to the
ambient pressures.- For applications to very small aspect. ratioe 3 _-
the present theory may requirwsbme modifications. s ~

The results in figures 5 and 6 for ‘bhe sweptback wing are given
.in terme of the wave—drag—-coefficient paranleter .

G
number parameter cotA \IM - 1, and the aepect ratio parameter
A tam A. As shown in reference "3, these parameters group the
variables Cp, A, A, M, and t/c in a unified form and thereby permit
the direct determination of .the drag coefficient from & eingle chart
ovel ‘ah ‘extensive range of sweepback angle, Mach nugber, aspgct ‘patio,
and. thickness ratic. For a 1l0-percent—thick 459 eweptbac}: wing, -the
drag—coefficient parameter in figures 5 and 6 bscomes simply Cp,

the aspect-ratio parameter, A, -and the Mach numbex pere.nteter A Yﬁé l.
The resultes in figures 5 and. 6 may be appliséd to any sweepback angle
covering & range of aspect ratio froam 0 to 10 cot A and a‘ range of

Mach number fram 1-to J1 + 49 tan® A.

The reeults 1n figu.ree 5(&) end 5(b) refer to Mach nﬂmbers '

corresponding to ‘cobt A iMé — 1 equal to or less than 1; that ie,
where the Mach line lies ahead of the wing leading edge. These
data represent results which were obtained directly from figure 5 of
reference 3 with several addéitionsl ecurves which were ‘calculatéd
from the formules given in reference 3. The results in figures 5(c)

and 5(a) refer to Mach numbers corresponding to cot A ‘IM- —~ 1 egqual
to or gre&ter than 1; that is, where the Mach- line lles behind the
wing leading edge. These data were calculated :f’rom the ‘formulas
given in appendix B of the present paper. The data in figure 6 wers
obtained by cross—plotting the results in figure 55 therefore, the
range of Mach number and aspect ratio in flgure 6 ie the same ne
that given in figure 5. _
"Effect of aspect ratio end Mach number on Wing wave—drag coei’-
- ficlent for sweptback wings.— If the Mach line is well ghead cf ‘the

wing leading edge, increasing the aspect ratio i the ‘range’ AR & ‘cot A
reduces Cp  (see Ffig. 5(a)); however, for all sspect ratios where -

the Mach line approachee the wing leading edge and aleo for A ] cot A

’ 'for Mech numbere cot A y’MQ - l l, CD is reducep. with decreaeing
agpect ratid. ST e .

RS Lowan Aty IOTE L I
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If the Mach line lies behind the wing leading edge, the wing wave—
drag coefflcient reaches a maximum value which is constant for all

aspect ratios greater than a certain limiting veluo (532 ;E%E—i).
Figure 6 indicates that in general the variation of Cp over

the complete range pf Mech number becomes less gronounced as the
agpoect ratio is decreased. For A cot A the variation of CD
with M is comparatively amull.

Effect of aspect ratilo and Mach numbor on wing wave-drag coef-—
ficient for rectangular wings.— Figures | and 8 indicate the effects
of agpect retioc and Macn number on Cp for rectangular winzs.

o s

Flgure 7 shows the variation of *—,—EL? with aspect retlo for
100(%)

congtant Mach numbers. The wing wave—lrsg coeffiuient reaches a

maximum value at an asvect ratio equal to :t./;/'brvi’J ~ 1 and remains
congtant for higher values of aapect ratio.

Flgure 8 shows the variation of D with Mach number M
100(%)2 .

for constant aspect ratlos. When the aspect ralio is egual to or
greater than 1, Cp 18 indeopendont of aspect ratic for Mach numbers
equal to or greater than 1.41. The curves in figure 8 indicate that
the variation of Cp over the complete range of Mach number bscomes
less pronounced as the aspect ratio ie reduced; thus, the same trend

noted previously for the sweptback wings is shown.

Effoct of sweepbeck angle on wing wave—drag coefficient.— In
order to study the offect of swespback on the wing wave drag, the
method of obtaining the sweepback mugt be concidered. In the present
lnvestilgation, wing wave—drag results have bean ghtained for two
different methods of incressing. the sweepback angle, and the data are
preeented in figures 9 and 10,

In the first method of—cbtaining sweepback, the dats Ffor which
is given In figure 9, the sweepback angle is Increesed by rotating
the wing rearward about a vertical axis at the midpoint of the center
section. The root and tip sections of the rotated wing are then
modified so that: they bocdme _parallel to the flight directlion in order
to conform to thé family of” sweptback wings c¢ongldered hersin. For
this method, the aspect ratiq and, the thickness ratio in the flight-
direotion are reduced with' 1ncreasing swgepback, but the wing area
and slenderress ratio are maintained constant. The slenderness ratics
in figure 9-are based on a thickness ratio of 0.10 measured in a
direction normal to the wing leading edge. The thickness ratio t/c
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measured in the flight direction, therefore, varles with sweepback
as cos & or is equal to 0.1 cos A. The aspect ratio is reduced
with sweepback by the factor cos?h. The aspect ratic A is related
to the slenderness ratio. Z/t by the following formulas
= 0.21 cos2 A
t

The results in figure 9 indicate that if the Wing is sweptback by
rotation on the basis of. constant 1/t, sweepback can give apprecieble
reducticns in the wave-drag coefficlent at ell supersonic spaeds

For the second method of obtaining sweepback, ‘the data for which
is shown in Tigure 10, the sweepback angle is increaged by sliding the
sections resrward. For. this method, tne aspect ratio, the thickness
ratio in the flight directlon, and the wing avea are maintained
constant, The results in figwre 10 indicate that if the wing is swept-
back by sliding the sections resrward, swsepback can give appreciable
reductiong in wave-drag coefficient only at Mach numbers for which
the forward Mach line is well ahesd of the wing leading edge. At
" Mach nurmbers, howaver, Tor which ‘the forward Mach line approaches the

wing leading edge or is behind it (cot A ‘JM~ -~ 1 | & 0.95), wing sweep—
back obtained wilth Ponstant A and t/c increases the wave—drag
uoefficient ' ' )

CONCLUDIKG REMARKS - e

The thecretical investigatlion of the superscnic wave drag of
untapered sweptback wings at zero 1ift has been extended to include
Mach numbers which bring the Mach line behind the wing leading edge
and to include wings of rectangular plan form. The wing sections
investigated were biconvex, ccmpoged of two parebolic arcs, and the
wing tips were considered to be cut off in the direction of flight.
~'The following conclusions have been drawn

Mach line shead of the wing leading edge:

1. If the Mach line 1s well ahead of the wing leading edge,
increasing the aspect ratio in the rangs of aspect ratio greater than
or approximately equal to the cobangent of the engle of sweepback
reduces the wing wave-drag coefficient.

2. For aspect ratios less than approximately the colangent of
the angle of sweepback gpd for all aspect ratios where the Mach line
approaches the wing leading edge, the wing wave-drag coefficient
decreases with decreasing aspect ratio.
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. -Mach line behind'the wing. leading edgs:

3. The wave-drag coefficient ef the swepbback wing ‘reaches a
maximum' value at an aspect ratio for which the Mach line from the
leading edge of the center ssction interesects the tralling edge at
the tip; this maximum coefficient remalns constant for higher valuses
of aspect ratio.

h, The wave~drag coefficilent of the rectangular wing reaches
e maximum value at an aspect ratio for which the Mach line frcm the
leading edge of the tip section intersects the trailing edge of the
tip on the opposite wing panel; this maximum coefficient remains
constant at higher values of aspect ratio. .

5. The wave—drag coefficlent of sll. wings for all aspect
ratios decreases with increasing Macn number .

vComplate range of Mach numbsr'

6 With a camparatively high aspect ratio, an 1ncrease in the
: Mach number which moves the Mach line behind the wing leading ‘sdge
. appears -to move the center of pressure. of the wave drag in the out—
board direction.

7. The variation of the wing wave-drag coefficient with Mach
number over the complete range of. supersonic Mach number becomes
less pronounced as the aspect ratlio is decreased.

8. Sweepback obtained by rotating the wing panels rearward can
give appreciable reductions in the wave-drag coefficlent at all
supersonic. speeds.

9. Sweepback obtained by sliding each section rearward can glve
gppreciable reductions in wave-drag coefficlent only when the Mach
line 1s well ahead of the wing leading edge. When.the Mach line
approaches the wing leading edge or is behind i, Aweepback obtained
" by sliding each section rearward increases the wing wave—drag
coefficient.

Langley Memorial Aeronautiocal Laboratory
National Advisory Committes for Aercnautics
Langley Field, Va., July 10, 1947
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APPENDIX A

FORMULAS FOR u~EXPRESSIONS AND INTEGRATION LIMITS FOR INTEGRAND
IN EQUATION (1) FOR UNTAPERED SWEPTBACK AND '.REC‘I‘AI‘IGULAR
WINGS OF BICONVEX PARABOLIC-ARC PROFILE AT ZERO
LIFT [m=;30tA2%'J o

Sweptback Wings

The desired integrand: u i ezuation (1) is determined in a
manner similar to that described in appendix A of reference 3., Ths
sweptback wing of desired profile shape and plan form is-built up
by superposition of the solutions obtained for a semi-infinite
oblique wedge. On the basis of the linsarized theory, roference 2
derives a solution representing an oblique semi-infinite (sweptback)
source line making the angle. ¢f gweepback A with the y-axis. The
solution wtilized for the pressure field or for the disturbance
velocity is

2y - -
-] X — P~y .
uo’o R.P. I cogh™ E-ri_"E—T (Al)

where the subscript notation indicetes that the source line starts

at.the origin of coordinates (x = O, 5y = 0). Equation (Al) is

shown in reference 2 to satisfy the boundary condition for a thin
1

oblique wedge making the half-angle (%% in the transformed ..

coordinate system of reference 2 (y' = yB8, z' = gb), where

dz)' ¥ T %4l —me ; T
(dx 7 I F—gT— The gource fector I in terme of the

physical coordinate system reguired to maintain the desired wedge
is shown in reference 3 to be represented by

1% =2 __ 4z L (A2)

' ST =22 X(0,0)

If the gource line is awept ahead of the Mach line, mB > 1,
then substitution of eguation (A2) in equation (Al) gives
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-~ mB?2
dz coph—t X = IRTY

u RlPl— )
B dx/q,0 Bly — mx

0,0 ﬂquBQ - 1

ivm (dz

R

_ndméﬂe -1 B

The sweptback wing of biconvex parabolic-—are profile is
represented by the following system of elementary semi-infinite
obligue scurce lines: Source linmes of equal strength are placed
along the leading and trailing edges beginning at the center sectlion
in conjunction with a constant distribution of sink lines along
the chord also beginning at the certer section. At the tip, where
the wing is cut off, reversed semi~infinite source and gink lines
are distributed so as to cancel exactly the effect of those origi-
nating at the center sectlon in the entire reglon of space outboard
of the tip.

For m> i the sou%ces which hre considered to Qriginéte at

the wing trailing edge have no offect on the wing because their Mach
‘}ines are behind the wing. (See fig. 2(a).) Tho disturbance
velocity u 1s then expreassed in the following form (reference 3,
appendix A, equation (A1)):

U&'i“

v T l
U =t5,0 * 9,0 T 5%,0 T 5,0

—. l—
~ Yh/m,h ~ Yh/m,-h * %uh/m,h * 5% /m,~h (ad)

where the subscript notation indicates the origin of the source
line. The bars over u refer to the gsource lines cansed by the
cpposite wing panel; that is, T indicetws a source linz wilh a
reversel in the sign of m. ©

In equation (Al), the u-—expressions sre given by ths real
parts of the following sxpreesionse: . . : o

- B2y -
n(x, y) = — (g_&)g,q cos -—l x ~ & mB<(y n) (A5)

- nf 222 — 1 \0%/E Bly - —m(x ~ ¢)]
Vm o g_zl-) i '_- % - g + mBE(y — Tf)
ﬁ:n(X: y) = ;QE§ES===r (d Tk cos . ﬁ]y ——— o gn (A6)
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where ¢,n .represents the origin of the elementary source linmes,
For the biconvex parabolic-arc profils,

&),
. ax 5’3

The symbol % in squation (Ak) refers to an integration

which represents the inflinence of a un:iform distributiqn of source
lines along the chord of the biconvex profile beginning at the
position £,n. This integration is expressed as (reference 3,
appendix A, equation (A2)): .

Pt -
Za, (x, y)':f g cosh 1x -8 - wpS(y — n) asgt
D &s7 x—ﬁly—nlw S Bly=m—m(x=g")

r
R (R VI G S PN B

® dx= 1 Bly ~
' : x ~ £
— .__.__l _ 11 = m(x £) GOBl"'l By = ) s \L (AT)
) Jy=-n |

where &' 1s the variable of integration representing the &-coordinate
of the origin of each source line in the distribution of squrce lines.
For the biconvex profile, -

a%z . & t)
= "e e

o

Equation (A7) is expressed as a function of it-—-—é-; that is,

1
¢ =11 X,
D E.m( ? 7)

(s - n) 1’(3;-—'-'-&)

~(7 - n) i‘[ -5—7}

Then

%‘Egm(x, ¥}
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Rectangular Wings

For the rectangular wing, *~.w and £hé following expreasions
result fram substituting m =, in eguation (A5), (A6), end (AT):

L'_ o By = n) )]

— "‘ o . l Si—z (y - ) N - . . - -' ’
,ug,n(x{'y) T gx,cos._ —Ef:-zﬂ- I

jL
B

Q‘L?._

n(x: ¥)

A

W

. l': . -l _ e ol
Bug,n(x, ) ( n) —-——Icos F’I-‘;—:g-;-]—]-: -

ML

]

B\y - N, X - &

(y =) f@-—f—i)

it

1 e x — &
":ﬁub'f](.x’j l?"). = (;Y - ,TI) f';(y _ n):l

Limits of Integratlions

The limits of integration with regard to x for the gection
wvave~—dreg coefficients and with regard to y <for the “total wing
wave—drag coefficisnts are discussed. The u—components caused by
each of the elementary source lines are zerc at 811 polnts outside
of the respective Mach cones. The expressions for the u-integrand
in equation (1) ars therefore 'evaluated along the section for values
of x Dbeginning at the forward boundary of the Mach cone. This
integration gives the section-drag-cosfficient components. In order
to obtaln.the wing wave-drag coefficient, the sectiopswave-drag— .
coefficient components obtained from the respoctive urexpressions are
evaluated along the wing span for values of y contained within the
Mach cone. Table I refers to one slde of the.wing (x and y positive)
and shows the limits of integration for 'x and y <for the reguired
(—expre§sions for- ths wings with sweptback and rectangular plan forms

fig. 2 .
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.APP_E_NDIX_ B B S

FORMULAS FOR WAVthRAG COEFFICIENTS-FOB UNTAPERED csWEPTBACK
AND RECTANGULAR WINGS OF BICONVEX PARABOLIC-ARC
PROFIEE KD ZERO~LIIT [%.= cob A = %]

In the following analysis the quantities y and X are
employed nondimensionally in terms of the gemichord, The equations
" for the drag coefficilentg in 81l cases refer to  the real ‘parts of
the indicated expressions, )

Section _Wave‘—-Drag‘ Coefficients_' -for Sweptback Wings

Sectlon wave—drag coefficlent without tip eff_éc’c.’s.-;- The' section
drag coefficlent cbtained from equation (1) for the given wing at
a spanvlise station ¥ .and Mech number M without the tip effect
was found to bs as follows: ' S s

b
- cdm(V) %( ) m£h3 cosh™+ EZ___B_
e | 2 cOBTT 2 K(m'2 = I_l).
3jmt2 ~ 3 o :
(K3 ~ 3 — 1) cosL KL xm'®) 4 2]
. em! (K + 1)
‘%‘Q\I}(K+2)2——(Km')2 r . D (=)

-

where K =%’1- and m' = mpB, At the center section, ﬁhéra y or

XK = 0, equatlon (Bl) becomes:

0y = .3_2(3)2 _m el
do " 3m\e/ By - B
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; 2m
When K = —2— oF y = —sSb— the forward Mach line from the
mg ~ 1 T Smga
center section intersects the wing trailing edge, and for ¥ z.
equation (Bl) reduces to the following expression: . m —~ 1

3_- szﬁg -1

Increment in section wave-drag coefficient caused by wing tips.—
The increment in cg caused by the tips depends on-the sweep angle,
 aspect rabio, and Mach number. The following types cccur in an
un$apered wing: I

Cdm _.-.]:.6..(_.) S A

1. If AZ Eﬁg%hi’ each tib affects solely its own half of the

wing. In thig case the region of the wing affected is between values
of' y from h -~ mﬁgf T to h. (See fig. 2.) The increment in section

- wave—drag coefficient at a Mach number M and. spanwise position y
cauged by the tip was found to be as folilows:

c
2 ) [2 m;e ¥y t + 2m.|
pog (y) = §(E) L Ya' : 2) . 1om'} coskt 2
a 7\C 12m99 ‘m! .- - jmty, ’]

+ (2111' - 32Ya') \/l:mf (-ya| + m() __yﬁfa(mgo —- l)}
m!

2 N |
om! —~ (m? -~ 1 .‘[
iy 2 cos—1 ( )7a' .

(B2)
3fmte - 1 om! 2 j

where the subscript a indicates that the x-axis is shifted to the
tip section, and vhere yé = ygB and m!' =mB. In the plan form
of—the wing _ _

Yy =¥g . +h

In equation (B2) values for Ya are'taken from - Eﬁg%'I to 0.

IT. If A <:m32? i, ‘the tip on the opposite wing panel

contributes an increment in c¢g 1in additlon to that discussed



under type I. (See fig. 2.) The incremsnt 1n Acg at a section caused by the opposite .

tip Jas obtained In the following formg

o

= %(_E_)? b"b LE (75, = 10h' — 2m') V[ybt - 2(h _mtz'l 2 _ (m'ylff')e |

5

o ‘ t - T —m <
S hg (14 + m'®) ~ 3ty o+ Eh'a_ -m'EJ lcmh -1 b Q(h - )] o

—
311173{1[1':' -1

o . .
s s ][ s 2 8 < 0
. omt (ybl__ XN m')

gyht3 - 6yb'2h' + 33-_,b1(2h12 - m'E)f—Eh"i

B3)) ¢

where' the subscx-ipf: b indicates thet the i-axis 1s shifted tc the orpcsit.e tip sect.ibn
and vhere yb = JuB, m =mB, and h' = hf. In the plan form of the wing

. AR . !f -
The limits for y, to be used in equation 4{B3) depend on the value of 'bhaa aspact - . :
ratio A. Thus . o : o F
(a) I A< 2 ,l >1, the front Mach 11119 from the opposite tip 'lntersects the . T * '

trailing edge at a valwe of yy, = %fg—_h-)- 60 that valuss far y, in equation {B3) are

17
teken fram h to ?TS%‘J'—?, N

6YHT "ON NI, 'vm

"
\D
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(b) If A< B@m =<1, the front Mach line fram the opposite

tip intersects the tip section, and valuos for Ty in equation (B3)
are taken from h to 2h.

" In cases (a) and (b) discussed under +type II, the increment in
Hog  caused by the adjacent tip discussed under type I ie obtained
at spanvise positions of y, frwm . -h o O.

The total increment in wave~drag coefficlent at a section caused
by the tips is glven by

Acg = Ac Ac
404 dy T SPdyg
and the total wave-drag coefficient at the section is

By = cdu:-b Loy

Section Wave-Drag Coefficlents for Rectangular Wings

For the rsctangular wing, m' = mB =« and the following
equations result fram equations (Bl) to (B3):

- Seotion wave—drag coelficient w:lthout t1lp affect.— For all

values of ¥y
16 (t)° O my
= = (= Bl
38 (C) : (B4)

This result agrees with Ackeret's theory Yor the biconvex parabolic-
arc profile. _

-.Increment in gectiod o .- ia coafflcient: caused by wing tips.—

>
If A= g—, the tip effect results solely from the adjacent tip and
B Jacent tip ar

” )
Aegy = ey ( ) .Va [(.’Ya'a - 12) cosh™t lyz,'l

T t
r 2l - ya‘al-— 2 cog™t - iig;« (85)
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where :
y,' = ¥,8 = (y—n)

H

In equation (BS), values for ¥, are taken from -;% to 0.
If AL -g— the tip an the opposite wing panel contr:lbutes an

increment in Cq in addition to Ach The 1ncrement in Acd at a
sectlon caused by the opposite tip is

2 ' .o s
AGdII = '3%5 (%) - —yE— [(,Yb‘g - 12) cosh™+ ﬁ)T

————!———.- 4
+ 2/& - yb‘eJ-— 2 cos™+ TE.. (B6)
. . 2 ,
where ' ' : : ' . ' R ——

¥t =B = (5 + b)p

The values for yb' or y which are required in eguation (B6) for
A<-§- are as follows (see fig. 2(b)):

(a) If A>-g=, ¥y varies from O 1o %-—h

(b) If A <?33:-’ y varies from O to h

Wing Wave-Drag Coefficients for Sweptback W\ings

The integrations of equaticns (BX) to (B3) for the ‘section wave—
drag coefficients between the appropriate limite for y (fig. 2(a) and
table I) yield the following resulbts for the sweptback wing.

Wing wave—-drag coefficient without tip offoct .— ’I,’he wing wave—
drag coefficient without Tip effect is S
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r- .
_ 8 /p\2 JA’2 , ~1 A' + om'
®p0 = % \c) ms "12“;';3 3A' cosh rcrramat

- -,/um' (At +m!) - A1 (w2 — 1)]

+. | 1 omt 3 cos_].' gmt __Al(m! - l)
3m' 3 \[mra -1 21,1:2

' 2
*. (2ml3 + 3Alm_l2 -~ A'3) cog™+ 2!+ At(m? + 1}]} (87)
. ' om! (A0 + mt)

Increment in wing wavé-drag coefficient cauvsed by tips.~ I

vhora A' = AR and m' = mp,

A => > the contribution of the tips to the wing wave-drag

mg + 1
ceoefficient is zerc.

2m 1
f A - 5=, thern
I < -y +l>ﬁ’ hen

¢l
IHE \frﬁ:

(om'3 — 31;1_[3 At + A'3) cos™t At(nt® 4 1) L--am_‘_]

Lo cos—l AT - 1) 4 omt
omt 2

+

ml‘3 21')1:3(:1‘ — A')
: e - 1
+ Al {?A' cosh"'l M \/h—mf (m$ - Al) - A2 (m|2 - :L):l * (B8)
lZm.'3 mtat

ir A(%, then
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2 l. omt3 cos™t A'(m'e—l) + Em'

a0y = 2 (%) m 3m:3l/;{:1-‘" ot 2

1A (P 41) — om!
2a’ (m' — At}

+ (em'3 ~ 3m=2 At 4 A‘3) cos

)2 .-]_ m'A' + 1

+ (At _gnt)(ml + AT
m' + A

- (A' + 2n')(m! - &1)7 cos
m: _A'

1 m'Af — 11

s Ay [6m'2 ~ A1 (m'e + 2)} cosk™t .E_J:T — m?? Vi —ar?

1om?3

+ 3812 cogh™ 2B = Al L Anfimt(mt — A1) — 212 (w2 1) \ (39)
.

tat

Total wing wave—drag coefficient.— The total wing wave-dirag
coefficient is obtained as the sum,

vhere the components CD and ACp are calculated from the foregoing

equations for the wing wave-—drag cosfficiert appropriate to the aspect
ratio of the wing.

Wing Wave-Drag Coefficilents for Rectengular Wings

For the rectengular wing, m' = mf =w«. The following resulta
for the wave—drag cosfficient of the rectangulsr wing may be cbtained
either by integrations of equations (B4) to (B6) between the appropri—
ate limits for y (see fig. 2(b)) or by substitution of m =e in
equations (B7) to (B9):

Wing wave-drag coefficient without tip effect,~ The wing wave—drag
coefficient without tip effectis .

16/%\°
Cp_ = = .5) (B10)
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This result agrses with Ackeret's theory for a biconvex parabolic—
arc profile.

Increment in wing wave~drag coefficient caused by tips.~ The

increment in Cp contributed by the tipe is obtained in the form

(B11)

where
AY = BB 1

>

If A= 5 eguation (Bll) shows that ACp, =
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TABLE I
LIMITS OF IRTEGRATIOR FOR WINGS WITE SWEPTBACK
AND RECTANGULAR PLAN FORMS
Limits of Integration’
u=-components x ¥
Lower Upper Lover Upper
limit limit limit limit
Sweptback wings
Y,0 90,0 y ’
y/n + 6 o h
%‘o,o %‘50,0 n
Uh/m,b E(-.8+l)-:ﬁ Lie h - —Be
= e + 1
1 2n
ir A
5%/ (e >222 n
< om
0 A =
(1: = 1)
-— a ] [ }
“n/m,—n v = -1
Blog + 1) + 38 S+ )
= m = 1
5 (e g=2>4>3)
" (1: = 2,5 %)
af + 1
Rectangular winge (= =) )
Y,0 %,0
o) [-] (o] h
1
5%,0 5%,0
u o
O,h h -
’ B(h — ¥) c B 2 n
p OB (1: A> a)
<2
o{irt A==
(= 259
- b
0,~h v % -h
B(h + y) — = C [»] 1
- = 1
5o, (1: g>a> B)
h 22, §X
é‘ g-r"%
- o > 2m .
2Phe components uh/m, -n and %u.h /m, ~p are zero if A= = T therefore, the integration
14mits for these u-components refer to caaes in vhich A < mBa: T

bThe components T, , end é!o _, ore zero i A2 %; thersfore, the integration limits for
F)

these u—ccmponsuts refer to cases in which A< %
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Figure 1.- Symbols for sweptback wings.
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Figure 10.- Variation of wing wave-drag coefficient with Mach number for different sweepback
angles with constant aspect ratios. Biconvex parabolic-arc profile at zero lift; no taper;

tg = 0.10; constant wing area.
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